In most animals, avoiding pathogenic bacteria is crucial for better health and a long life span. For this purpose, animals should be able to quickly sense the presence or uptake of pathogens. The intestine could be a candidate organ to induce escape behaviors; however, the intestinal signaling mechanism for acute regulation of neuronal activity is not well understood. Here, we show that adult Caenorhabditis elegans can respond to the pathogenic bacterium Pseudomonas aeruginosa within 30 min of exposure. This behavior was much faster than previously observed avoidance behaviors in response to P. aeruginosa. By genetic screening, we isolated a mutant defective in this quick avoidance behavior and found that the novel F-box protein FBXC-58 is involved. FBXC-58 is expressed in several tissues, but defective avoidance was rescued by expression of the protein in the intestine. Interestingly, we also found that some but not all mutants in the p38-MAPK and insulin-like signaling pathways, which function in the immune response to pathogens in the intestine, were defective in the quick avoidance behavior to P. aeruginosa. These results suggest that a novel signaling pathway in the intestine exists to regulate neuronal activity for a quick behavioral response.
| INTRODUCTION
Regulation of the nervous system from the intestine is a wellknown mechanism for several important neuronal events, such as neurogenesis, neurodevelopment and even behavior. A large number of recent studies have reported that the intestinal microbiome can affect such neuronal events and is related to several neuronal disorders. For example, germ-free (GF) mice showed impaired neurogenesis of the hippocampus (Ogbonnaya et al., 2015) , a lower number of neuronal cell bodies per ganglion and an increased number of nitrergic neurons (Collins, Borojevic, Verdu, Huizinga, & Ratcliffe, 2014) . Furthermore, these GF mice showed increased open arm exploration in the elevated plus maze that can be interpreted as reduced anxiety-like behavior (Neufeld, Kang, Bienenstock, & Foster, 2011) . Despite the strong influence of intestinal microbiota on the nervous system, the underlying molecular and physiological mechanisms are not well understood. For example, the kind of signals expressed in and released from intestinal cells have not been identified, and how those signals are integrated into nervous system functions is not known.
Immediate temporal regulation of neuronal function in response to the uptake of pathogens as well as chronic changes in neuronal function caused by normal bacterial flora should be important strategies to maintain good health and live a long life. To examine how animal behavioral changes are regulated by intestinal bacteria, we used Caenorhabditis elegans as the host and Pseudomonas aeruginosa as a model pathogenic bacterium. C. elegans, a bacteria-feeding nematode, lives in the soil and is a convenient model organism for the interaction between intestinal bacteria and neuronal function Genes to Cells SAITO eT Al.
because of its short life cycle and ease of genetic manipulation. P. aeruginosa is a ubiquitous Gram-negative bacterium that is also found in soil. P. aeruginosa has been reported to affect the health of many eukaryotic animals, including C. elegans (Furuya et al., 1993; Apidianakis & Rahme, 2009 ). For example, P. aeruginosa kills worms over a period of 2-3 days on low salt medium plates via an infection-like process that correlates with the accumulation of bacteria in the intestine (Man-Wah Tan & Ausubel, 1998) . In contrast, on high salt rich medium plates, P. aeruginosa can kill worms within 24 hr, in some cases within 4 hr of infection. This immediate effect of P. aeruginosa on worm health is caused by the production of a number of diffusible toxins (Mahajan-Miklos, Tan, Rahme, & Ausubel, 1999) . Thus, worms have to change their behavioral strategy to live longer when exposed to P. aeruginosa.
Caenorhabditis elegans is initially attracted to P. aeruginosa PA14, but, after a few hours, shows avoidance of P. aeruginosa. In some cases, worms on a PA14 lawn started to avoid it after 8 hr (Hao et al., 2018) , and in other cases, worms showed avoidance after 16 hr as they fed PA14 (Jeong et al., 2017) . The slow avoidance behavioral response to PA14 is regulated by associative learning between odors (secondary metabolites from the bacteria) and unknown stimuli in the body to make the worm uncomfortable. The sensory neurons and their innervating interneurons mediating this associative learning were identified (Chen et al., 2013; Jin, Pokala, & Bargmann, 2016; Zhang, Lu, & Bargmann, 2005) . However, slow avoidance of P. aeruginosa does not increase worm fitness when the animals feed on PA14 on high salt rich medium plates.
Before this study, it was not known whether worms can show a behavioral response within 4 hr of exposure to P. aeruginosa in order to avoid the adverse affects of this pathogen. To understand how quickly worms can respond to pathogenic bacteria such as P. aeruginosa, we examined their behavioral responses at early time points after being placed on a lawn of PA14. We also examined what types of molecules regulate the quick avoidance response in C. elegans and how these molecules control behavioral changes. We found that worms can show a quick avoidance behavior to PA14 within 30 min, and this response appears to be regulated by the function of a worm-specific F-box protein in the intestine.
| RESULTS
Exposure of C. elegans to pathogenic bacteria is known to cause severe health problems and death after a certain period of infection. To understand when and how worms quickly respond to the pathogenic bacterium P. aeruginosa, we examined the avoidance behavior of C. elegans to P. aeruginosa PA14. By carefully observing worm behavior on PA14 lawns, we found that adult C. elegans show an avoidance behavior to PA14 within 30 min of exposure (Figure 1a) . Worms do not show any avoidance of E. coli OP50 at 30 min (only 0.14% worms were present in the unseeded area of OP50 lawns). However, a significant number of worms (39.5%) showed an avoidance behavior in response to PA14 (Figure 1b) . Avoidance of PA14 was gradually increased during exposure and reached a maximum approximately 6 hr after exposure F I G U R E 1 Quick avoidance behavior in response to P. aeruginosa. (a) Responses of wild-type animals after 30-min exposure to E. coli OP50 or P. aeruginosa PA14. (b) The percent avoidance of either OP50 or PA14 lawns. **p < 0.01; *p < 0.05 determined by Mann-Whitney's U test. Error bars represent SEM, N = 3 replicates for OP50 and N = 9 replicates for PA14. (c) Stagespecific and growth temperature-specific effect in the quick avoidance behavior of wild-type animals. ***p < 0.001 determined by MannWhitney's U test. Error bars represent SEM, N = 8 replicates ( Figure 1b ). As previous reports using L4 larval animals showed that significant avoidance of PA14 was observed a few hours after PA14 exposure, we confirmed that the quick avoidance in L4 stage animals was significantly weaker than that in adult animals. This indicates that adult animals can quickly avoid PA14 (Figure 1c) . Interestingly, the growth temperature of PA14 on the NGM plate also affected quick avoidance behavior; both L4 stage and young adult animals increased their avoidance behavior to PA14 when the bacteria were grown at 25°C on the NGM plates before assays. These results suggest that C. elegans, especially adult animals, can respond to PA14 and start to avoid it in less than 30 min. We call this behavior quick avoidance of P. aeruginosa.
As this quick avoidance behavior in response to PA14 has not been reported previously, the cellular and molecular mechanisms that regulate quick avoidance behavior in C. elegans are also unknown. Thus, to identify genes involved in this quick avoidance behavior, we carried out a genetic screen to isolate candidate mutants with defective quick avoidance responses to PA14 (see Experimental procedures). From this screening, we successfully isolated the ta218 mutant allele. The ta218 mutant animals do not show quick avoidance behavior in response to PA14: About half of wild-type animals showed quick avoidance behavior in 30 min (Figure 2a) , whereas only 13% of ta218 mutant animals showed quick avoidance behavior to PA14 in the same period (Figure 2a ). This avoidance of PA14 lawns within 30 min in the ta218 mutant animals was similar to the avoidance of OP50 (Figure 2a) . The locomotion behavior of the ta218 mutant on both bacterial lawns seemed to be normal (Supporting Information Figure S2 ), suggesting that quick avoidance of PA14 does not result from locomotion defects. We also wondered if weak avoidance to PA14 could result from an altered food preference. However, the ta218 mutant animals showed normal food preferences similar to those of wild-type animals, meaning that mutant worms prefer OP50 to PA14 (Figure 2b ). These data indicate that the ta218 mutant animals do not show a quick avoidance response to PA14, but that their locomotion behavior and food preferences are normal. We also wondered whether lack of quick avoidance to pathogenic bacteria in the mutant does affect susceptibility of animals and found a reduced survival in the ta218 mutant animals at earlier periods of exposure to PA14 (Supporting Information Figure S1 ). This reduced survival in the mutant was not observed at longer periods of exposure, suggesting that slower response to PA14 is probably normal but quick avoidance is affected in the ta218 mutant.
By SNP mapping and next-generation sequence analysis, we found a point mutation (G493A) in the C10C5.2 gene of the ta218 genome, which caused a Glu (165) to Lys missense amino acid change ( Figure 2c ). To confirm that the defective C10C5.2 gene is responsible for the ta218 mutant phenotype, we carried out a rescue experiment using the wild-type C10C5.2 gene ( Figure 2c ). Transgenic animals harboring the wild-type C10C5.2 gene showed significantly higher avoidance than both the ta218 mutant and animals not harboring the transgene, although the rescue was partial ( Figure 2d ). These results suggest that the C10C5.2 gene is required for the quick avoidance behavior to PA14 in C. elegans. The C10C5.2 protein consists of 332 amino acids and has one F-box domain at its Nterminus (Supporting Information Figure S3 ). Figure 3a and Supporting Information Figure S4 ). In the larval stage, the GFP fluorescence was observed in glial cells, a type of neuronal cell in the head, body-wall muscle cells, intestinal cells and intestinal valve muscle cells, and was also observed in these cells and vulval muscle cells in adults ( Figure 3a and Supporting Information Figure S4 ). These findings suggest that fbxc-58 may be expressed in these cells. We also tried to observe GFP fluorescence using a translational reporter construct. Using this reporter, however, no GFP fluorescence was observed in any tissues such as intestinal cells and body-wall muscle cells where the promoter activity was observed. Surprisingly, this fusion protein could rescue the fbxc-58 mutant phenotype in P. aeruginosa avoidance assays (Figure 3b ), suggesting that the FBXC-58-GFP fusion protein is functional in the quick avoidance behavioral response to PA14, even in small amount of expression in animals. To determine in which tissue type(s) fbxc-58 regulates the quick avoidance behavior, we carried out tissue-specific rescue experiments. The abnormal avoidance behavior to PA14 by the fbxc-58 mutant was rescued best when fbxc-58 was expressed in the intestine (Figure 3b ). Taken together, it appears that FBXC-58 may regulate the signaling pathway between intestinal cells and neuronal cells by mediating protein-protein interactions involving ubiquitination. In C. elegans, both the p38 mitogen-activated protein kinase (MAPK) pathway and insulin-like signaling pathway are known to function in antipathogenic bacteria responses in the intestine and are required for higher viability on pathogenic bacteria (Evans, Chen, & Tan, 2008; Portal-Celhay, Bradley, & Blaser, 2012; Shivers, Kooistra, Chu, Pagano, & Kim, 2009; Shivers et al., 2010) . Thus, we wondered whether these immune response pathways are also involved in the quick avoidance behavior to PA14. We investigated the quick avoidance behavior in animals with mutations in the p38-MAPK and insulin-like signaling pathways (Figure 4) . The mutant alleles used to test the response were null or strong loss-of-function mutations except for daf-28, daf-2 and pdk-1, which confer partial loss of function. In the p38-MAPK pathway, the signal from TIR-1 to PMK-1 activates transcription factors (TFs) ATF-7 and SKN-1, and these TFs upregulate the expression of immunity genes (Figure 4a ). In our avoidance assay to PA14, however, nsy-1, sek-1 and atf-7 mutant animals did not show quick avoidance behavior to PA14 within 30 min. Other tir-1, pmk-1 and skn-1 mutant animals showed normal quick avoidance behavior similar to that of wild type (Figure 4b) . Interestingly, all mutants showed normal avoidance behavior to PA14 in 6 hr ( Figure 4b ). These data suggest that nsy-1, sek-1 and atf-7 are required for the quick avoidance behavior to PA14, but are not necessary for the avoidance behavior after long exposure to PA14. The insulin-like signaling pathway is activated by INS-1 binding to its receptor DAF-2, and this binding activates the downstream transcription factor DAF-16 for expression of immunity genes (Figure 4c ). Of the animals with mutations in this pathway, ins-1, daf-28, age-1 and daf-16 mutant animals did not show quick avoidance behavior to PA14 within 30 min, but the other mutants showed Genes to Cells
normal quick avoidance behavior (Figure 4d) . Furthermore, even after 6 hr, ins-1, daf-28 and age-1 mutants showed significantly lower avoidance to PA14 (Figure 4d ). These data suggest that only ins-1, daf-28, age-1 and daf-16 may be involved in the quick avoidance behavior to PA14, and ins-1, daf-28 and age-1 are also involved in the avoidance behavior after long exposure to bacteria. To understand the genetic relationship between fbxc-58 and genes in the immune response signaling, the avoidance response in double-mutant animals between fbxc-58 and nsy-1 was examined ( Figure  4e ). The fbxc-58; nsy-1 double-mutant animals showed a defective avoidance response to PA14 within 30 min, and no additive effect was observed in the double-mutant animals compared to each single mutant. This suggests that fbxc-58 and the p38-MAPK pathway function in the same genetic pathway for quick avoidance behavior. In the 6-hr exposure to PA14, the double-mutant animals showed same avoidance behavior with the fbxc-58 single mutant (Figure 4e ).
| DISCUSSION
In this study, we found that C. elegans starts to avoid the pathogenic bacterium P. aeruginosa within 30 min of exposure. This avoidance seems to be a very quick response compared to previous reports concerning avoidance of PA14, which is clearly observed from 8 to 16 hr after exposure (Hao et al., 2018; Jeong et al., 2017) . Furthermore, we isolated a mutant defective in this quick avoidance behavior to PA14. In addition, some but not all mutants in the p38/MAPK and insulin-like signaling pathways also showed defective avoidance of PA14. These data suggest that quick avoidance behavior is genetically controlled. From tissue-specific rescue experiments, we found that FBXC-58 in the intestine functions in the quick avoidance behavior to PA14. In addition, several but not all genes involved in the p38-MAPK and insulin-like signaling pathways are also required for quick avoidance behavior to PA14. These immune response pathways are activated in the intestine by the infection of pathogenic bacteria. These data suggest that in intestinal cells, the above molecules probably act to regulate neuronal activities for an avoidance behavior in C. elegans. One possible mechanism is that an unidentified signal released from the intestine may control both circuits to accelerate moving out from the PA lawn and to suppress reentering onto the lawn. However, rescue by both the introduction of the wild-type gene and a tissue-specific rescue construct of FBXC-58 was partial. For full rescue, simultaneous expression in both the intestine and other tissues such as neurons may be required. To support this possibility, the insulin-like signaling pathway is known to be functional not only in the intestine but also in the nervous system. In this case, FBXC-58 and/or other molecules in the immune response pathways may cause a non-cell-autonomous reaction in both tissues dependent on exposure to pathogenic bacteria. In either mechanism, our data strongly indicate that the intestine can regulate acute neuronal activity for a quick behavioral response to pathogenic bacterial uptake.
How does the FBXC-58 protein regulate quick avoidance behavior in C. elegans? We showed that fbxc-58 and the p38-MAPK signaling pathway probably act in the same genetic pathway, but the specific roles of FBXC-58 and/or the candidate proteins in the p38-MAPK/insulin pathways for the quick avoidance behavior are not yet clear. Due to the failure to observe the translational fusion FBXC-58:: GFP protein, the site of action in FBXC-58 is also unclear. This may result from a quick turnover of FBXC-58 protein in worm's cells. FBXC-58 contains a F-box domain, which is known to mediate protein-protein interactions in several cellular events, such as ubiquitination. Ubiquitination is involved in proteasomal degradation, gene expression, DNA repair, nuclear export and endocytosis (Woelk, Sigismund, Penengo, & Polo, 2007) . In mammalian cells, exotoxin T, which is produced by P. aeruginosa, was degraded by interaction with the E3 ubiquitin ligase Cbl-b (Balachandran et al., 2007) . A similar mechanism may function in intestinal cells: FBXC-58 may mediate interaction with an E3 ubiquitin ligase and exotoxin T for ubiquitination and resulting degradation of the toxin. Finally, intestinal cells may release decomposed exotoxin T as a kind of modulator for neurons to elicit quick avoidance behavior. In the sensory neuron OLL of C. elegans, the E3 ubiquitin ligase HECW-1 regulates avoidance behavior to P. aeruginosa (Chang, Paek, & Kim, 2011) . This also supports the importance of ubiquitination in avoidance behaviors to P. aeruginosa. Further analyses to identify interacting proteins with FBXC-58 probably make clear molecular relationship between ubiquitination and quick avoidance behavior to pathogenic bacteria.
Contrary to expectation, only specific components in the p38-MAPK pathway or insulin-like signaling pathway seem to act in the quick avoidance behavior. In a conserved p38-MAPK pathway (Figure 4a) , nsy-1, sek-1 and atf-7 were involved in the quick avoidance behavior but other tir-1, pmk-1 and skn-1 were not. Similarly, several components in the insulin-like signaling pathway were not required for this behavior (Figure 4d) . It is highly possible that other unidentified components may be replaced with proteins, which were not involved in the quick avoidance. For example, not only mpk-1 but also several genes encoding MAP kinase are found in the C. elegans genome. Thus, other PMKs may function as a component in the p38-MAPK signaling for the quick avoidance. Results from the insulin-like signaling pathway mutants were also surprising. Both daf-28 and ins-1 mutant animals, which encode agonistic or antagonistic peptidic ligands for DAF-2, respectively (Hung, Wang, Chitturi, & Zhen, 2014) , showed the same slow avoidance behavior to | Genes to Cells SAITO eT Al.
PA14. As same with above ligand mutants, both age-1 and daf-16 mutant animals were also defective in the quick avoidance behavior. Because AGE-1/PI3K activity negatively regulates the activity of DAF-16 in a conserved PI3-kinase pathway, we suspected that these mutants might show opposite phenotypes. However, all the four mutants were defective in the quick avoidance behavior, suggesting that these genes or a genetic cascade positively regulate quick avoidance behavior to PA14. Similar positively directed regulation of the insulin-like signaling by these genes is observed in other behavioral responses in C. elegans; ins-1, age-1 and daf-16 act in the same direction for salt chemotaxis learning behavior (Tomioka et al., 2006) . This alternative signaling may be activated for acute responses of worms to some environmental changes.
The most intriguing result in this study was the rapid (<30 min) response to PA14 by adult worms, in contrast to the >8-hr response time of L4 worms. Except for the growth temperature on the NGM plates, the avoidance assay protocol was not largely altered from that in previous reports, suggesting that the difference is probably resulted from the combination of life stage of the worms and lower growth temperature on the NGM plate, as we shown in Figure 1c . As for growth temperature, 6.4% of the genes of the P. aeruginosa PA14 genome were affected by temperature, and several P. aeruginosa virulence genes, such as Pyoverdine, are really upregulated by a lower 28°C culture compared to the 37°C culture. Several enzymes acting for the synthesis of catechol, succinate and acetyl-CoA are also preferentially expressed at 28°C (Wurtzel et al., 2012) . These metabolites may have a role to elicit quick avoidance to PA14. Further analyses may help to identify the factor(s) efficiently affecting worm avoidance behavior to P. aeruginosa. In addition, a kind of age-dependent behavioral change can be observed in other behaviors of C. elegans. Adult worms tend to show a high chemotaxis index to the food-associated odor diacetyl compared to larval worms, and this high chemotaxis index in adults depends on germline growth (Fujiwara, Aoyama, Hino, Teramoto, & Ishihara, 2016) . In addition, larval worms show an olfactory response to diacetyl only in the AWA sensory neuron, whereas adult worms show the response in other AWB, ASK and AWC sensory neurons in addition to AWA (Hale, Lee, Pantazis, Chronis, & Chalasani, 2016) . Thus, our results suggest that the sensitivity to pathogenic bacteria is also higher in adults than larva, although it is not clear whether this altered sensitivity occurs in neuronal cells or intestinal cells. Interestingly, the expression of fbxc-58 is upregulated more than twofold in response to PA14 at 12 hr (Shapira et al., 2006) . It is possible that this upregulation of fbxc-58 gene expression may be occurred at earlier time point after exposure to PA14, in age-dependent manner. This age-dependent sensitivity change may be required to select environments that are suitable for the species conservation. Further analyses should be required to understand the role of worm-specific F-box proteins in the point of behavioral strategy to pathogens.
| EXPERIMENTAL PROCEDURES

| C. elegans strain
Caenorhabditis elegans strains used in this study were N 2 Bristol, CB4856 Hawaii, daf-2(e1370), ins-1(tm1888), daf-28(sa191), age-1(hx546), akt-1(ok525), akt-2(ok393), sgk-1(ok538), pdk-1(mg142), daf-16(mu86), tir-1(ok1052), nsy-1(ok593), sek-1(km4), pmk-1(km25), atf-7(gk715), skn-1(zj15) . C. elegans was maintained at 15 or 20°C on standard NGM agar plates seeded with Escherichia coli OP50.
| P. aeruginosa PA14 avoidance assay
The P. aeruginosa avoidance assay in this study was modified from a previously reported method (Pradel et al., 2007) . The bacterial strains used in this study were E. coli OP50 and P. aeruginosa PA14. Bacteria were grown overnight in 3 ml of Luria-Bertani (LB) broth with shaking at 37°C. Cultures were adjusted to an optical density (OD 600 ) of 1.0 with LB medium, and a 50-µl drop of medium was spotted onto a 60-mm NGM plate. Plates were incubated for 24 hr at 25 or 37°C. For synchronization of assay animals, ten adult animals were transferred to fresh NGM plates and were removed after 6 hr. Worms were grown to the L4 larval or young adult stage. Animals were collected in M9 buffer and kept in M9 buffer for 30 min, then washed three times with M9. Approximately 100 animals were transferred to the center of the bacterial lawn. The numbers of animals present on the seeded and unseeded areas of the plates were counted at the indicated times. Percent avoidance was calculated using the following formula:
| Food choice assay
Ten microliter aliquots of PA14 or OP50 (OD 600 = 1.0) were spotted at opposite sides of 60-mm NGM plates, and the plates were incubated for 24 hr at 25°C. Young adult animals that had been grown on OP50 culture plates were collected, and approximately 100 animals were transferred to the center of the assay plate. The number of animals on the PA14 or OP50 lawns was counted after 30 min. The choice index was calculated by using the following formula:
% avoidance = # animals in unseeded area∕ (# in seeded area + # in unseeded area) × 100.
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| Isolation and identification of the ta218 allele
Mutagenesis was carried out using ethyl methanesulfonate (EMS). L4 animals were treated with 50 mM EMS for 4 hr and allowed to recover for 1 hr on NGM plates with OP50. Ten L4 animals were transferred to a 60-mm NGM plate seeded with OP50 and allowed to lay eggs for 1 day. After one day, the P0 animals were removed, and F1 animals were grown to adulthood. To isolate mutant alleles that caused defective avoidance behavior in response to PA14, F2 animals were placed on the PA14 plate and animals that did not show avoidance behavior were collected as mutant candidates. Their F3 progenies were also examined to confirm their avoidance phenotype. After backcrossing to N2 five times, SNP mapping was carried out using the Hawaiian CB4856 strain. Because the npr-1 allele on the X chromosome causes an altered response to P. aeruginosa in the CB4856 strain (Reddy, Andersen, Kruglyak, & Kim, 2009) , we focused on the mutants whose mutations were not mapped on the X chromosome. For this reason, we generated each mutant male and their males were crossed to the CB4856 hermaphrodites. Their F1 male progeny were crossed again to mutant hermaphrodites. The avoidance behavior in F2 animals was examined on the PA14 lawn, and slow-response animals were singly picked for their SNP analyses. From the obtained candidates, the ta218 mutant allele was mapped to the middle region of the right arm on chromosome IV, and we found a missense mutation in the coding region of the C10C5.2 gene. We named the C10C5.2 gene fbxc-58 (F-box C protein). The full-length cDNA fragment was reverse-transcribed from N2 RNA and sequenced.
| Plasmid construction
To generate the rescue plasmid pDK856, which fully covers the fbxc-58 coding region, a DNA fragment containing a 5.0 kb promoter region, 1.6 kb coding region and 1.5 kb 3′ UTR was amplified from N2 genomic DNA using the following primers (5′-GAGAG ACCTGCAGGCTGAAATT-ACTGAACAATCG-3′ and 5′-CTCTCTGCTAGCGCGTAGTTTCATGGAACAACATA GATC-3′). This fragment was inserted between the NheI and MscI sites of pPD49.26 (a kind gift from Andy Fire).
To generate the transcriptional reporter plasmid pDK811 (Pfbxc-58::GFP), the same fbxc-58 promoter fragment with pDK856 (−5,000 to +11 from the ATG start codon) was amplified from N2 genomic DNA using the following primers (5′-GAGAGACCTGCAGGCTGAAATTACTGAACAATCG-3′ and 5′-ACCGGTGGCCACGAC-ATTCTAAAACTCG AC-3′), and the amplified fragment was inserted between the SbfI and AgeI sites of the pPD95.77. To generate the translational reporter plasmid pDK839 (Pfbxc-58::fbxc-58::GFP), the 5.0 kb promoter region and full-length fbxc-58 coding region were amplified from N2 genomic DNAs using following primers (5′-GAGAGACCTGCAGGCTGA-AATTACTGAACAATCG-3′ and 5′-CTACC-GGTCCAT AACTATAATAAAATGG-3′), and the fragment was inserted between the SacI and AgeI sites of pPD95.77. For tissue-specific rescue constructs, the elt-2 promoter for the intestine, myo-3 promoter for the body-wall muscles and rimb-1 promoter for neurons were PCR-amplified and inserted into the pPD vector. Both the full-length fbxc-58 cDNA fragment amplified from the N2 cDNA library and the GFP fragment were inserted in frame downstream of each promoter sequence.
| Transgenic animals
Transgenic worms were generated using standard microinjection methods for C. elegans. The pbLH98 [lin-15(+)] or Pmyo-2::mCherry plasmid was used as a co-injection marker at 30 ng/µl for the pbLH98 and 1 ng/µl for Pmyo-2::mCherry. Each fusion plasmid was injected at 5 ng/µl for rescue experiments and 50 ng/µl for transcriptional reporter analyses. At least three independent stable transgenic lines were used in each experiment.
| Microscopy
Animals in M9 solution containing NaN 3 (10 mM) were mounted onto slides with a 2% agarose pad. The slides were viewed with an epifluorescence microscope (OLYMPUS BX53) with 20×/0.75 or 60×/1.40 (oil) objective lens, equipped with a CCD camera in a 16-bit format.
| Statistical analysis
Statistical analyses were carried out using the GraphPad Prism 7. The statistical significance was analyzed by MannWhitney's U test or the Kruskal-Wallis test, and statistically significant differences were defined as *p < 0.05; **p < 0.01; ***p < 0.001.
